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CYCLE FOR AIRCRAFT PROPULSICN

By Irving M. Karp

SUMMARY

An analysis to indicate the feasibility of the supercritical water
compressor jet cycle for nuclear powered sircraft is presented. Per-
formance values of the cycle are given for a range of design-point
engine operating conditions at supersonic flight conditions of 1.5
flight Mach number and 50,000, 40,000, and 30,000 feet altitudes, and
at subsonic flight conditions of 0.9 flight Mach number and 40,000 feet
altitude.

Calculations were made at these combinations of flight conditions
for various steam temperatures at the reactor outlet and steam pressures
at the turbine outlet (the steam pressure at the reactor outlet was
fixed at 5000 lb/sq in.) to evaluate the combination of compressor
pressure ratio and Mach number of the air entering the heat exchanger
which result in maximum thrust per unit engine weight (or minimum air-
plane gross weight). Airplane gross weight, reactor heat release, air
flow rate, the engine frontal area, and heat exchanger frontal area
required at these conditions for maximum thrust per unit engine weight
are evaluated for a range of values of lift-drag ratio of the airplane
assuming a fixed value of the ratio of airplane structural to gross
weight of 0.35 and a fixed value of the sum of the reactor, shield,
payload, and auxiliary weights of 150,000 pounds.

The combination of compressor pressure ratio”and Mach number of air
entering exchanger for minimum airplane gross weight is not the same as
that for minimum reactor heat release, minimum engine frontal area, or
minimum exchanger frontal area. In general, when operation is at the
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combination for minimum airplane gross weight, reasonable values of
reactor heat release rates and exchanger frontal areas but high values
of engine frontal areas are obtained.

The performance of the cycle at a pressure ratio and exchanger inlet
Mach number which result in a 2 percent greater gross weight but about
18 percent lower engine frontal area than the minimum gross weight case,
for a given set of flight and steam operating conditions, is presented
in the following table. These values are representative of the perform-
ance of the cycle at the flight and altitude conditions listed.

Sum of reactor, shield, payload, and auxiliary

welghts, 1b . . . . . « . .« ¢ ¢+ o e e e e e . 150,000
Ratio of airplane structure to gross welght B O NG 15)
Flight Mach number . . . . . . ¢ ¢« ¢« ¢ ¢ ¢« & & s + & ¢« o« + « » « .« 1.5
Altitude, £t . . . . . . . e e e s s e e 4 s e s e e e 4 . . . 50,000
Over-all 1ift to drag ratio of airplane . . . . . . . . . . . .. <. 5
Steam temperature at reactor outlet, °R . . . . . . . . . . . . . . 1460
Steam pressure at reactor outlet, lb/sq in. . . . . ... ... . . 5000
Steam pressure at turbine outlet, 1b/sq in. . . . . . . . . . . . . 1250
Compressor pressure ratio . . . e Y
Mach number of air at exchanger 1nlet et e e 4 e e s e . e . . . . 0.18
Thrust per unit air flow rate, 1b/(1b/sec) . e e e e e e .. 12.37
Engine weight per unit air flow rate, lb/(lb/sec) G e e - e . .. 12.85
Thrust per unit engine welght, lb/lb . . . « o s e o s . . . 0.98
Air flow rate, lb/sec « o . . e LX)
Steam flow rate, lb/sec . .. YA
Reactor heat release rate, Btu/sec s e e e e e e e e e e . . . 480,000
Airplane gross weight, 1b . . . . . . ‘.0 ¢ « ¢« v &« &« « « « . .« 336,000
Engine weight, 1b . . . . . . . ¢« ¢« ¢ ¢ ¢ ¢« ¢ ¢ ¢ 4« . .+ « . . . . 68,500
Exchanger weight, 1b . . . . . . . . . o o oo o0 oo . o . . 39,400
Structure weight, 1o . . . . e B Iy e 0]
Compressor frontal area, sq ft O Y [ o]
Exchanger frontal area, sq ft . . . . . . . . . . . . . . . . . . . 1195

In order for the exchanger to fit into the duct determined by com-
pressor frontal area, the exchanger must be slanted at an angle of
approximately 30° with the horizontal axis of the duct.

The performance of this typical case indicates that the cycle is
one requiring low compressor pressure ratios, and one developing low
thrust per unit air flow; consequently, it requires high air fliow rates
and large compressor and exchanger frontal areas.

INTRODUCTION

Analyses to determine some of the characteristics of various air-
craft propulsion cycles utilizing nuclear energy are being made at the
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NACA Lewis laboratory. Studies of the direct-air and liquid-metal tur-
bojet cycles are presented in references 1 and 2, the liquid-metal
turbine-propeller cycle in reference 3, and the liquid-metal ducted-
fan cycle in reference %.

A supercritical water-compressor jet cycle is described in refer-
ence 5. In this cycle, water at supercritical pressure is the reactor
coolant and also serves as the moderating material in the reactor. A
favorable characteristic of this cycle is that relatively low coolant
temperatures out of the reactor are encountered. Also, the use of water
as a coolant may relieve the corrosion problem in the reactor that
exists with liquid-metal coolants. The water, however, is a poorer
heat-transfer material than liquid metals so that the heat-removal prob-
lem in the reactor at high heat-release rates becomes important. In
addition, the high supercritical pressure at which the coolant is main-
tained in the reactor creates another important reactor design problem.
The water is highly pressurized in order to avoid boiling during the
heating process. The sudden and extreme variation in fluid properties
that accompanies boiling aggravates the heat-transfer design problem
and also might further complicate reactor control. In short, this
cycle is characterized by some reactor development problems that are
more severe and some that are less severe than those encountered in
the liquid-metal and air-cooled reactor. Inasmuch as it offers some
possible advantages in the development of nuclear-powered aircraft,
the cycle deserves further investigation.

Many of the important performance parameters of the supercritical
water-compressor jet cycle, such as airplane gross weight and reactor
heat release required, are functions of the airplane characteristics
as well as of the engine characteristics. A complete cycle study
requires detailed studies of all factors involved in reactor, airplane,
and engine design and performance, for both design and off-design-point
operation.

As a first step, an exploratory design-point analysis of this cycle
has been made which utilizes many simplifying assumptions to avoid some
of the detailed studies Jjust described. These assumptions are
listed and discussed in appendix A. In the analysis, the performance
of the cycle is evaluated over a wide range of flight and engine design-
point operating conditions in order to determine some of the effects of
these operating conditions on cycle performance. Both supersonic and
subsonic flight conditions are studied. The supersonic case investi-
gated was at a flight Mach number of 1.5 and altitudes of 50,000,
40,000, and 30,000 feet. The subsonic case was at a flight Mach number
of 0.9 and altitude of 40,000 feet. The engine operating conditionms
investigated were supercritical steam temperature at the reactor outlet,
steam pressure at turbine outlet (the steam pressure at turbine inlet
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being fixed), alr compressor pressure ratio, and Mach number of the air
entering the heat exchanger. The effect of over-all lift-drag ratio of
the airplane was also studied.

Some of the parameters that are used to evaluate the performance
of the cycle are airplane gross weight, reactor heat release rate,
engine frontal area, and exchanger frontal area. In general, optimum -
operating conditions for any one of these paremeters are not the optimum
conditions for the other parameters. In this analysis at each set of
given flight conditions and steam conditions, the values of compressor
pressure ratio and Mach number of air entering the exchanger which
result in maximum thrust per unit engine weight (or minimum airplane
gross weight) were determined. In general, this combination of com-
pressor pressure ratio and exchanger-inlet air Mach number results in
reasonable values of the other performance parameters. Values of air-
plane gross weight, reactor heat release rate, air flow, and compressor
frontal area at these conditions were evaluated for a range of lift-
drag ratios of the airplane assuming a fixed value of airplane structure
to gross weight ratio and a fixed value for the sum of reactor, shield,
payload, and auxiliary weights. The effect of the variation in indi-
vidual engine operating variables on the performance and sizes of the .
components is included in order to help give a clearer picture of the
effect of these variables on over-all cycle performance.

2593

DESCRIPTION OF CYCLE

A schematic diagram of the cycle is shown in figure 1. High-
temperature steam at supercritical pressure leaves the reactor and is
expanded through a turbine, producing useful work output. It then
passes through a heat exchanger where it is completely condensed. The
condensate is then pumped to a sufficiently high pressure to maintain
the flow of the water in the closed water circuit and enters the reac-
tor where it is heated to operating temperature.

Air, which is the propulsive fluid, enters the inlet diffuser where
it is compressed. It is further compressed in the compressor and then
heated in the heat exchanger by the condensing steam. The heated air
is then expanded through the exhaust nozzle from which it issues as a
high-velocity jet.

The steam turbine drives both the air compressor and condensate
pump. The turbine-to-pump drive is assumed to be direct, whereas the
turbine drives the air compressor through reduction gears.
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SYMBOLS

The following symbols are used in this report:

compressor frontal area, sq ft
exchanger frontal area, sq ft
exchanger air flow area, sq ft
exhaust nozzle velocity coefficient
fuselage drag, lb

nacelle drag, 1b

tail drag, 1b

total airplane drag, 1lb

wing drag, 1b

hydraulic diameter of air passage
net thrust, 1lb

free flow factor in heat exchanger
acceleration due to gravity, ft/sec2
compressor work, Btu

condensate pump work, Btu

turbine work, Btu

Btu

heat transfer coefficient, — _—2—
sec-CF-sq ft

turbine horsepower

Btu-ft

thermal conductivit —_—
¥ sec-CF-sq ft

1lift of airplane, 1b

length of heat transfer passage, ft
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Mach number of air entering heat exchanger

steam pressure at reactor outlet, 1lb/sq in.

steam pressure at turbine outlet, 1b/sq in.

water pressure at exchanger outlet, 1b/sq in.
water pressure at condensate pump outlet, 1b/sq in.
Prandtl number

total pressure of free stream air, lb/sq ft

total pressure of air at compressor inlet, 1b/sq ft

total pressure of air at compressor outlet, lb/sq ft

total pressure of air at exchanger outlet, lb/sq ft
ambient air static pressure, 1b/sq ft

reactor heat release rate, Btu/sec

heat-exchanger heat flow, Btu/sec

Reynolds number

total temperature of steam at reactor outlet, °R

total temperature of steam at turbine outlet, %R

total temperature of condensate at exchanger outlet, °R

total temperature of water at condensate pump outlet, OR

bulk total temperature of air in the exchanger, °R

saturation temperature of steam corresponding to steam

pressure, P, °R
wall temperature in exchanger, °R

effective wall temperature in exchanger, °R

equivalent constant wall temperature in exchanger, °R
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total temperature of air at compressor inlet, OR
total temperature of air at compressor outlet, °R

total temperature of air after being heated by condensing
phase of the steam, CR

total temperature of air at exchanger outlet, ©R
Jet velocity, ft/sec

airplane velocity, ft/sec

weight of gear box, 1b

weight of compressor, 1b

welght of engine, 1b We = Wp + We + Wtep + Wx
gross weight of airplane, 1b Wg = We + Wk + Wg

weight of auxiliary group; shield, reactor, payload, and
piping, 1b

airplane structural weight, 1b

weight of turbine and condensate pump, 1b
weight of heat exchanger, 1b

air flow rate, 1b/sec

steam flow rate, 1b/sec

reduction gearing efficiency

compressor efficiency

fin effectiveness

condensate pump efficiency

turbine efficiency
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ANATYSIS
Equations for Performance Parameters

Some of the important parameters used to evaluate the characteris-
tics of the cycle are airplane gross weight W,, reactor heat release
g
required Q,, air flow w,, compressor frontal area A,, and exchanger
frontal area Ay. The value of L/Dtot that can be obtained at super-

sonic flight in general depends on Ag.

In reference 2 it is shown that the airplane gross weight can be
expressed as

W, = (1a)

Another form of equation (la) can be obtained by expressing the
total drag as the sum of the wing drag, fuselage drag, tail drag, and
nacelle drag. Thus the net thrust, which is equal to the total drag,
is

F=Dto-t=Dw+Df+Dt+Dn
Inasmuch as the nacelle drag is often charged against the engine
F - Dy =Dy + Dy + Dy
and equation (la) can be rewritten -as

W Yk (1p)
g HE We Dy + Dp + Dy
Wg F-D, L

It is apparent from equations (la) or (1b) that for assumed values
of Wy and Ws/Wg, airplane gross weight is a minimum at those condi-
tions giving a maximum value of L T or its equivalent

Dtot We

L F-Dp

Dy + Dt + Df We

In the analysis, a constant L/Dtot was chosen, mainly to avoid
the more complicated calculations involved in the evsluation of all
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the drag forces. For this constant L/Dtot; performance at maximum
F/W, was determined. For one case, constant L/(Dy + Dy + Dg) was

assumed, a given airplane configuration was selected, the nacelle drag

of this configuration was evaluated, and the performance at maximum

¥-D
D was determined.

e

The net thrust per unit engine weight is the ratio of the net
thrust per unit air flow rate to the engine weight per unit air flow
rate

F_ /v (2)
We  We/wq
Qr Vg
The reactor heat release can be expressed as Qp = T F and
a
Diot
substituting in this identity F = Wg I
Qr Wag Dot
Qp = — T I Wg (3)
a
The air flow
W
F g
Wg = = 4
8 F/wa L _E_ ( )
Dot Va

The compressor frontal ares

LLY

o~ (5)

Ac=

A value for the corrected air flow per unit compressor frontal area
is assumed for this analysis (see appendix A). This value and the
flight conditions determine wy/Ac.

The exchanger frontal area

bx ==~ = v f Va (6)

The value of Wa/Ax,f is evaluated from the air conditions and the Mach

number at the exchanger inlet, and f depends on the exchanger configu-
ration assumed.
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Equations (1a), and (2) to (6) show that for any assumed fixed values
of Wy, Ws/Wg, and L/Dtot the performance parameters F/Wé, Wg, Qs

Ay, and A, at any set of design operating conditions can be determined

by evaluating the values of F/wy, We/w,, and Q./w, at these
conditions.

Evaluation of Thrust per Unit Air Flow Rate, F/wg,

The thrust per unit air flow rate is equal to F/wy = % (V3 - Vo)

so that, for a given flight speed, evaluating F/wa consists essen-
tially in evaluating Vj. The jet velocity is a function of the air
temperature at inlet to the exhaust nozzle Tz, and the pressure ratio
across the nozzle P3/po, a constant value of nozzle velocity coeffi-
cient being assumed. The wvalues of PS/PO and Tz depend on the

given set of operating conditions of both the closed steam cycle and
the air cycle.

Steam cycle. - All steam conditions throughout the steam cycle and
energy interchanges in the various components, such as the turbine work
per unit steam flow AHt/ws, the heat exchanged in the condenser per

unit steam flow for subcooling to 20° F below the saturation tempera-
ture Qy/wy, the condensate pump work per unit steam flow AHP/WS, and
the reactor heat release per unit steam flow Qr/wS are determined
using steam tables (ref. 6). The following table gives a list of the

combinations of design-point steam conditions investigated at various
flight and altitude conditions. The minimum value of Ty d1s limited

to 1360° R in order to avoid excessive condensation of the steam
expanding through the turbine.

2593
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Flight|Altitude, Pp, Ty, Py,
Mach ft o
oumber 1b/sq in.| ©R lb/sq in.

1.5 50,000 5000 | 1660 2500

1560 2500

1460 500

1700

1250

833

625

1360 2500

1.5 40,000 5000 | 1460 2500

1250

625

1.5 30,000 5000 | 1460 2500

1250

625

0.9 40,000 5000 | 1660 1250

1560 1250

1460 2500

1700

1250

833

625

1360 1250

The total work available to drive the air compressor, with gear
losses neglected, is
N = Tt AHP
¢ Ve \Ws T Ws .
Air cycle. - Entering air is compressed in the diffuser to a pres-

sure ratio Pl/PO which depends on flight conditions and diffuser effi-

ciency. Further compression in the compressor to a given pressure
ratio Pz/Pl requires a compressor work per unit air flow AHc/wa and

an accompanying T, which is evaluated from air tables (ref. 7).

Equating the total compressor work AHs= wgy ;—S to the work availaeble
a

from the steam results in

Ya _Ws _Ws (7)
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This equation shows that for a given set of steam operating conditioms
the ratio wa/ws is & function of AHc/ws (or P2/P1).

Air entering the exchanger at T, and P, acquires all the heat
released by the steam so that the heat galned per unit air flow

Qx U\ (Vs
— Z | —){=—]- The air temperature at exchanger outlet Tz 1is deter-
Ya ¥s/\Va '

mined from T2 and Qx/wa by air tables. The air temperature T3
cannot exceed Tp so that any value of P2/Pl which results in such

an ambiguous solution of the equations is not in the achievable operat-
ing range of the engine.

The method used to calculate the pressure ratio across the
exchanger P3/P2 is described in a subsequent discussion on heat

exchanger performance. The jet velocity is evaluated from P3/po

and Tz where P " P, Py pa

Heat-Exchanger Calculations

An exchanger configuration as shown in figure 2 was selected in
order to provide a basis for evaluating the exchanger weight, size,
and pressure drop (for further discussion of exchanger configuration,
see appendix A). The heat-exchanger calculations are based on the
assumption that the finned passage through which the air flows is a
tube having an equivalent diameter, in this case, of 0.01113 feet.

For the more general case where the steam from the turbine dis-
charge is superheated, the cooling of the steam is divided into two
stages for the purpose of calculation. The superheated steam is first
considered to be cooled to dry saturated steam in the first stage and
is then completely condensed and subcooled in the second stage. The
exchanger calculations are based on the assumption that the heat
exchanger is equivalent to two exchangers in series; in the first
exchanger the air is heated from T, to an intermediate temperature

T5' by the condensing steam, and in the second exchanger the air is

further heated to the temperature Tz by the superheated steam. Fig-
ure 3 shows this orientation of exchangers as well as the temperatures
of the air and steam. The sum of the length-diameter ratio Z/d of
each of these two exchangers is the l/d of the equivalent single
exchanger, and the sum of the pressure drops in the two exchangers is
the over-all pressure drop of the equivalent single exchanger.

2593
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Evaluation of 1/d. - Heat-transfer coefficients of the air are
evaluated with the equation given in reference 8.

3

. 2.\0-8
hd _ 5.023 ReO-8 (m_b) pr0-4

where Ty, is the bulk temperature of the air and T, 1s the wall tem-

perature (which in this case is assumed equal to the steam temperature).
The Reynolds number Re is evaluated from the velocity and density
based on bulk temperature of air, while all the other properties are
evaluated at the wall temperature.

For the first exchanger (in which air is heated by condensing
steam) an average value of h is determined at an air bulk temperature

of % (T2 + T2') and the corresponding wall temperature (saturated

steam temperature). This value of h is used to evaluate the fin
effectiveness and the effective wall temperature at the inlet and
outlet of the exchanger (see sample calculations in appendix B). For
the second exchanger, an average value of h is evaluated at an air

bulk temperature of % (To' + Tz) and its corresponding average wall

temperature of 1 T + . For each exchanger the log mean tem-
5 sat

perature difference is evaluated from the temperature differences
between the effective wall temperature and the air bulk temperature

at both inlet and outlet of each exchanger. The 1/d of each exchanger
is evaluated from the equation

Qx/wa

4 h( z’f)(log mean temperature difference)
a

1/d =

Qy/¥y 1is evaluated from Q./w, which is fixed for a given set of
steam cycle conditiomns, and wa/ws which is determined as previously
described. The value of wa/Ax,f is evaluated from the values of P,
and T, of air and the given value of the Mach number at the inlet to
the exchanger.

Evaluation of air pressure drop. - In each exchanger a constant
equivalent wall temperature is evaluated which results in the same log
mean temperature difference as previocusly obtained to calculate Z/d
from effective wall temperatures. The air pressure drops are deter-
mined from these constant equivalent wall temperatures and the
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pressure-drop charts of reference 2, which are based on the method pre-
sented in reference 9. The pressure ratio across each exchanger is
evaluated from the values of the constant equivalent wall temperature,
the bulk air temperatures entering and leaving each exchanger and the
Mach number of the air entering each exchanger. The Mach number of the
air entering the second exchanger is equal to that of the air leaving
the first exchanger, which is evaluated from the air flow rate per unit
area and exit conditions from the first exchanger.

In order to account for additional losses in pressure due to the
turning of the air flow into and out of the exchanger, the pressure
drop previously evaluated is increased by 15 percent. Referring to
the sample calculations presented in appendix B will help clarify the
heat-exchanger calculations.

Evaluation of Engine Weight per Unit Air Flow Rate W./wy

Thé engine weight consists of the weights of exchanger, compressor,
reduction gears, steam turbine and condensate pump. In appendix A,
equations used to evaluate the weights of these components are given.

Evaluation of Reactor Heat Release per Unit

Air Flow Rate Q./v,

The reactor heat release Qr/wa is obtained from the wvalues of
Qr/wS and wa/ws. The value of Qr/ws is fixed for a given set of
steam cycle conditions, and the value of wa/ws obtained from
equation (7).

A sample set of calculations illustrating the method used in evalu-
ating cycle performance is given in appendix B.

RESULTS AND DISCUSSION

In the analysis the performance at two flight Mach numbers was
investigated: a supersonic case at a flight Mach number of 1.5 and
altitudes of 50,000, 40,000, and 30,000 feet; and a subsonic case at
a flight Mach number of 0.9 and altitude of 40,000 feet.
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Supersonic Flight Conditions

Effect of compressor pressure ratio PZ/Pl and M,. - In order to
show the effect of Pp/P; and M, the following fixed set of flight

and engine operating conditions were arbitrarily selected: altitude,
50,000 feet; reactor outlet steam temperature T,, 1460° R; reactor

outlet steam pressure P,, 5000 pounds per square ilnch; and turbine
outlet steam pressure Pp, 1250 pounds per square inch.

Figure 4 shows the effect of varying P2/Pl and M, on several

performance parameters. JFigure 4(a) shows the variation in thrust per
unit engine weight F/Wé and thrust per unit air flow rate F/wa. It

is apparent that there are values of both PZ/Pl and M, which

result in maximum F/We (that is, minimum gross weight) for the set of
fixed design conditions. In figure 4(a) a maximum value of F/Wy of
1.02 is obtained at a value of Pp/P; equal to 1.214 and a value of My

equal to 0.20. The corresponding value of F/wa is 10.0 pounds thrust

per pound per second. Figure 4(b) presents the corresponding values of
reactor heat release rate Q, air flow rate w,, and exchanger frontal

area Ax required, for values of L/Dgot equal to 5, Wk equal to

150,000 pounds, and WS/Wg equal to 0.35. There are also optimum
values of Pz/Pl and M, resulting in minimum Q,, in minimum w,

(or minimum A.), and in minimum Ay (these being functions of the
values of L/Dtot, WS/Wg, and W, as well as steam conditions T, Py,
and Pgp). From figure 4(b) the minimum Q. of 434x10° Btu per second
is obtained at a value of M, of 0.15 and a value of PZ/Pl of 1.230.
This Q, 1is about 4 percent lower than the Q, at conditions for max-
imum F/We. Minimum w, of 4800 pounds per second occurs at about a
PZ/Pl of 1.34 and M, of about 0.12. This w, 1is about 35 percent

a

lower than the w_, at conditions for maximum F/We. Minimum exchanger

a
frontal area Ay, of 1100 square feet is cbtained at a Pp/P; of about

1.30 and M, of 0.20 which is approximately 20 percent lower than the

A, at conditions for maximum F/W .

Figures 5 and 6 show how the performance of the various components
of the engine are interrelated and affected by variation in compressor
pressure ratio and M. These help give a clearer picture of cycle

performance variation with design-point operating variables. Figure 5
illustrates the effect produced by varying Pz/Pl while other cycle
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conditions are held constant (Ty, 1460° R; Py, 5000 1b/sq in.; Pp,

1250 1b/sq in.; Mp, 0.20). Figure 5(a) shows the variation in air
temperature leaving the exchanger Tz, exchanger l/d, pressure ratio
across the exchanger P3/P2, avallable pressure ratio across the exhaust
nozzle Pz/py, and F/w,, as Py/P; varies. As a result of equating

the net work output of the steam cycle to the compressor work input,
and in the exchanger equating the heat released by the steam to the
heat absorbed by the air, Tz increases as Pz/Pl is increased. This

increase in Tz necessitates increases in the l/d of the exchanger,
which becomes large as Tz approaches the maximum steam temperature
into the exchanger T (which is fixed). The pressure drop in the
exchanger increases with Z/d; hence the drop in P3/P2 as Pz/Pl

Pz Py Py P3 Py
increases. The nozzle pressure ratio — = — = =—, where — 1is

Po Po P P2 Po
fixed. At first es Pg/Pl increases, the accompanying drop in P3/P2
is small enough so that P3/po increases. This increase in P3/po
together with an increase in Tz results in a large increase in F/wa.
Soon a value of PZ/Pl is reached where the drop in P3/P2 is large
enough to result in a decrease in P3/po, and eventually P3/po is
decreasing rapidly enough to cause F/wa to start leveling off despite

the increasing Txz.

Figure 5(b) shows the effects of P2/Pl on the weights per unit
air flow of englne components and the over-all engine. The values of
compressor weight W., gearing weight W,, turbine and pump weight Wt+p
are relatively small and their variation depends largely on the weight
assumptions made. The weight of the exchanger Wy 1is the major item
influencing engine weight We. The exchanger weight increases almost
directly with Z/d; hence, the values of W’X/wa and We/wa increase
with Pz/Pl, this increase becoming large when the increase in Z/d
becomes very rapid.

The variation in F/We (also shown in fig. 5(b)) depends on the
manner in which F/wg and We/wg vary. It is apparent that if F/We
is at first increasing with increasing PZ/Pl, it will eventually reach
a maximum and then decrease because F/w, will eventually be leveling
off whereas W’e/wa will be continucusly increasing.

Figure 5(c) presents the variation in airplane gross weight, reac-
tor heat release, total thrust required, engine weight, air and steam
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flow rates and the compressor and exchanger frontal areas with compres-
sor pressure ratio. The values of these parameters are based on fixing
the values of L/Dyoy equal to 5, W, equal to 150,000 pounds, and

ws/wg equal to 0.35. It is to be noted from figure 5(c) that minimum
gross welght, engine weight, and thrust required all occur when F/We

is a maximum, and that minimum reactor heat release is required when
the steam flow rate wg is a minimum. Minimum compressor frontal area

which depends directly on air flow occurs at minimum air flow.

The effect of varying M, on heat-exchanger performance largely

determines its effect on over-all cycle performance. In figure 6, a
range of values of M, 1s studied, the value of PZ/Pl being fixed

at 1.21. Other fixed operating conditions are the same as for figure 5.
For this case, fixing steam cycle conditions and PZ/Pl fixes Tgz.

Increased Mz increases the heat-transfer coefficient and also the

air flow through any exchanger flow passage, with an over-all effect
that l/d necessary to obtain a given Tz 1s very nearly proportional

to M;0:-2. Thus, 1/d increases slightly with M,. Increased M
increases the air flow per unit flow area of the exchanger Wa/Ax’f,
which is mostly influential in decreasing W'x/wa and Ax/Ac' On the

other hand, the pressure drop through the exchanger increases with
increased M, resulting in a continual drop in F/wa. At some value

of M,, the decrease in F/wa eventually overcomes the effect of
decrease in Wé/wa, so that F/Wé reaches a maximum value and then
drops off.

In the analysis, performance at maximum F/Wé was considered most
interesting so that Pz/Pl and M, were selected for maximum F/Ve.
The engline performance at conditions for maximum F/Wé usually results

in reasonable values of Qp, A,, and Ay, as will be shown subsequently.

(24

Effect of steam pressure at turbine outlet Pp. - Maximum values

of F/W, and the corresponding values of Py/Pj, My, and F/w, such

as those discussed for figure 4 (which was for a turbine discharge
pressure Pg of 1250 lb/sq in.) are plotted for a range of values

of Pg 1in figure 7. The maximum value of Pg was limited to 2500

pounds per square inch. It is noted from figure 7 that for the given
conditions F/We increases with increased Pp, the values ranging

from about 0.90 at a Pg equal to 625 pounds per square inch to about
1.18 at a Pg equal to 2500 pounds per square inch. The corresponding
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values of F/wa show the same trend, increasing from 8.7 to 11.5 pounds
per pound per second as P wvaries from 625 to 2500 pounds per square
inch. Other items of interest seen from the figure are that Mp varies
only slightly with Pp, its value being close to 0.20 while Pp/P;
decreases as Pp increases. The values of PZ/Pl range from 1.23

to 1.16, which values are readily attainable in the single-stage com-
pressor assumed.

Figure 8 is included to indicate the influence of Py on component

performance in order to show more clearly its effect on over-all per-
formance. Several curves of figure S (PB = 1250 lb/sq in.) were cross-

plotted against Tz and similar sets of curves plotted for values of
Pg of 625 and 2500 pounds per square inch. Other fixed operating con-
ditions are Tp, 1460° R; Pp, 5000 pounds per square inch; and Mp,
0.20. Increasing Pg dincreases the steam temperatures in the exchanger
resulting in lower Z/d required to obtain a given Tz (with conse-

quent lower pressure drop of the air in the exchanger). On the other
hand, at higher Pp, less turbine work per unit steam flow is obtained
which results in lower PZ/P1° The net effect of increased Pg on
F/We depends on whether the benefits of lower pressure drop in the
exchanger and lower exchanger weight overbalance the effect of lower
PZ/Pl' From figure 8 it is apparent that for the given set of condi-

tions, this is the case and higher Pp improves F/We.

The over-all performance of the cycle operating at values of Pg/Pl
and M, giving maximum F/We (that is minimum Wg) for a range of
values of L/Dyoy is presented in figure 9. Values of Wy are plotted
against values of Qp for values of L/Dyot equal to 4, 5, and 6 in
figure 9(a). Lines of constant Pp are also located on these plots.

As for most of the previous figures, the given conditions are Ty,
1460° R; Pp, 5000 pounds per square inch; Wyx, 150,000 pounds; and
Ws/Wg, 0.35.

It is seen from the figure that values of Wg ranging from 300,000
to 400,000 pounds and values of Qry ranging from 350,000 to 650,000 Btu
per second (depending on the value of L/Dtot assumed) are dbtainqd for

this set of conditions. It should be remembered that both Wg and Qp

vary directly with Wy. Theréfore, for any value of Wy other than

150,000 pounds, values of Wg and Q, are obtained by multiplying the
values of figure 9(a) by the factor Wk/lS0,000.
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Values of Wy, Ac, and Ax/Ac corresponding to the values of fig-
ure 9(a) are presented in figure 9(b). The very high values of Wy
(420 to 1150 lb/sec) required are mainly due to low values of F/wa
characteristic of the cycle and the low values of L/Dyyt encountered
at the flight conditions (flight Mach number, 1.5; altitude, 50,000
ft) of figure 9. At these flight conditions the compressor handles
only 9.53 pounds of air per second per square foot of frontal area with
consequent huge engine frontal areas (450 to 1220 sq ft) required. It
is interesting to note that the exchanger frontal area is sbout 2.0
times as large as the compressor frontal area. This requires slanting
the exchanger so it will fit in any nacelle determined by compressor
frontal area. The angle of slant will be about 30° with the horizontal,
which is large enough so that no excessive pressure losses are incurred
in deflecting the air stream into and out of the exchanger.

Figure 10 is included to compare the performances when operating
at conditions for minimum Wg (i.e. maximum F/Wé), minimum Q,, mini-

mum A, Or minimum Ax. Values of Wg, Qr, Ac, and Ay as well as
the optimum values of Pg/Pl and M, are plotted for a range of values

of Pp. The steam temperature T, is 1460° R and the value of L/Dict
assumed is 5. It is seen that higher values of Pz/Pl are required

for minimum A, and Ay than for minimum Q, and Wg, and that higher

values of M, are required for minimum Wg and Ay than for minimum
Qr and A,. It is also seen from the figure that operation at condi-

tions for minimum Wg results in reasonable values of Qr and Ay Dbut

somewhat high values of A.

Variations in PZ/Pl and M, from the values giving minimum gross

weight will increase W, and Q, only slightly but can result in appre-

g
ciable decreases in A, and A,, hence resulting in a more reasonable

airplane configuration. The performance of a case where Pz/Pl and Mo

were chosen to give a such a combination of values of performance param-
eters is compared in the following table with the performance at minimum

Wg. Steam operating conditions are the same for both cases and are

representative of what may be attained. The performance values presented
in the table are typical of what can be expected from the cycle at a
flight Mach number of 1.5 and altitude of 50,000 feet.
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Fixed Conditions

Flight Mach number . . . . + ¢ ¢ ¢ ¢ o ¢ o ¢ o o o o o o o o o s o s s o s s o s o o n s s = 1.5
ALEItUdE, £t o « + v =+« + o v b e e e e e e e e e e e e e e e e e e e e e e e 50,000
7 5
L < e e e e e e e 1460
1 T T 5000
T 1 T 1250
Wio 1D o o v e et e e e e e e e e e e e e e e e e e e e e e e e e e e 150,000
L 7 0.35
Pp/Py| Mg | F/wy | Wo/fwy| F/W, Wg Wy W, Wy W A Ay Qr Vg

1b 1b [1b/ib| 1b |1b/sec| 1b 1b 1b |sq ft|sq ft|Btu/sec|in/sec

1b/sec|1b/sec

a1.27(a0.18f 12.37 12.65/0.978|336,000{ 5440 |68,500|39,400|117,500{ 570 | 1195{460,000| 577
by.21| b.2o| 9.97| 9.75[1.02 |330,000| 6620 |64,500|32,500[115,500| 695 | 1360[452,000] 567

8Conditions for good combination of performance values.
bconditions for minimum Vg

The table shows that varying conditions slightly from the values
giving minimum Wg may give somewhat more desirable performance. For
the comparison shown in the table, increasing Pz/Pl from 1.21 (the

value for minimum Wg) to 1.27 and decreasing Mz from 0.20 (the
value for minimum Wg) to 0.18 result in a decrease in wg and Ag
of about 18 percent, and a decrease in Ay of about 12 percent. Only
a slight increase of 2 percent in Wg and Qr 1s incurred.

Effect of steam temperature at reactor outlet T,. - So far all

performance has been discussed for a T of 1460° R. It is interesting

to see what improvement in cycle performance can be obtained by going
to higher values of Tp, and also what penalty is incurred by going to

lower values of Tp. In figures 11 to 13 are presented the performance
of the cycle for a range of Tap from 1360° to 1660° R.

Maximum values of F/We and corresponding values of Pz/Pl, Mo,
and F/wa are plotted in figure 11 for a range of values of Tp, with
Pg fixed at 2500 pounds per square inch (the pressure at which highest
F/We was obtained). The optimum values of Pz/Pl increase as Tp
increases, whereas the value of Mz remains essentially constant
between 0.19 and 0.20. As expected, increasing Tp increases F/We
and F/wa. Increasing Tp from 1460° to 1660° R results in increased
F/We from 1.18 to 1.33 pounds per pound and increased F/wg from 11.5
to 13.4 pounds per pound per second. Decreasing T, from 1460° to

1360° R results in a decreased F/Wé of 1.07 pounds per pound and a
decreased F/wa of 10.2 pounds per pound per second.
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Figure 12 is included to show again what effects a design-point
variable (T,) has on component performance. At a given Pg equal

to 2500 pounds per square inch and Mp equal to 0.20, values of Py/Pq,
1/d, Pz/pg, F/wy, Wy/wy, We/w,, and F/W, are plotted against Tz for
values of Ty equal to 1360°, 14609, and 1660° R. It is seen from this
figure that the main effect of increasing T, is to increase the work

output per unit steam flow which results in higher Pz/Pl' This results

in greater F/wa. Lower values of l/d are required to obtain a given
Tz; this improves Wk/wa and Wé/wa somewhat. Both effects of
increased F/wa and decreased Wé/wa result in higher values of F/Wé.

Figure lS(a),presents the parameters Wy against Qr for this
range of values of Tp, at values of L/Dtot equal to 4, 5, and 6.
The Pp was fixed at 2500 pounds per square inch. The effects of Ty
on Wg and Q, are largely dependent on the value of L/Dtot’ the
effects being more pronounced the lower the value of L/Dtot- At an
L/Dyoy ©Of 4, increasing T, from 1460° to 1660° R resulted in a
decrease in wg of about 5 percent, and a decrease in Q, of about

6 percent. Lowering T, to 1360° fram 1460° R increased Wy about

5 percent and increased Q, almost 11 percent.

The air flows corresponding to the conditions of figure 13(a) are
shown in figure 13(b). At an L/Dtot of 4, increasing the temperature

Ty from 1460° to 1660° R results in a reduction of about 20 percent in

the air flow, whereas about a 20 percent increase in air flow results
when T, is reduced from 1460° to 1360° R. The values of A, corre-

sponding to these air flows and the values of A,/A, required are also
presented in figure 13(b).

Effect of altitude. - Figures 14 and 15 show the effect of altitude
on the performance of the cycle. Altitudes considered were 50,000,

40,000, and 30,000 feet. The flight Mach number was held constant at
1.5, Ty at 1460° R, and Py, at 5000 pounds per square inch. Figure 14

shows the variation in F/w,, We/w,, and F/W, (Py/P; and My being
chosen for best F/Wé) with altitude for a given value of P equal
to 2500 pounds per square inch. It is seen that We/wa decreases

rapidly as altitude decreases. This is due mainly to the increased
density at lower altitude; the result is that a smaller engine is
required to handle a given air flow. On the other hand, F/wa drops
off slightly as altitude decreases. The values of F/Wé increase

appreclably as altitude decreases, indicating that the decrease in
We/W, 1is much more effective than the decrease in F/wg,.
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In figure 15(a) the values of Wg are plotted against Q. at the

altitudes of 50,000, 40,000, and 30,000 feet. The values of Wg and

Qr are based on a fixed value of L/Dtot equal to 5 and values of
WS/Wg of 0.35 and Wy of 150,000 pounds. Lines of constant Pp of
2500, 1250, and 625 pounds per square inch are located on these plots.
From this figure it is seen that Wg decreases as altitude decreases
(because F/We increases), whereas Qr reaches a minimum value at
some altitude between 30,000 and 40,000 feet.

The air flows corresponding to figure 15(a) are shown in figure
15(b). It is seen that a minimum air flow occurs at some altitude
around 40,000 feet. Also shown on this figure are values of A, AX/AC,
and Ax required at the various altitudes. At lower altitudes, the
large increase in air handling capacity per square foot of compressor
frontal area due to increased alr density greatly reduces the compressor
area redquired. For the given conditions, for example, although the
required air flow at 50,000 feet and 30,000 feet altitude are about the
same, the compressor frontal area required at 50,000 feet is about 2.5
times as great as that required at 30,000 feet.

Performance with nacelle drag included (for case of L/Dy + Dy

constant. - A set of calculations was made to evaluate the cycle per-
formance for a range of constant values of lift-drag ratio of the wing
and tail. In these calculations a constant nacelle configuration as
described in appendix C was assumed and nacelle drag evaluated. For
the configuration and supersonic flight conditions, a value of Dn/wa
of 2.69 pounds per pound per second is evaluated. To simplify calcula-
tions, the fuselage drag Df is neglected (that is, assuming that the
airplane consists of wing, tail, and nacelles) and equation (4b) is
used to evaluate gross weights. From this equation it is apparent that
maximum (F - Dn)/We results in minimum Wg, and in the calculations
Pz/Pl and M, were selected to give maximum (F-—Dn)/we. These values

of Pp/P] and Mz as well as the corresponding values of (F - Dp)/We
and F/wa are shown plotted against Ppg 1in figure 16. Other operating

conditions held constant are Tp equal to 1460° R and Py, 5000 pounds

per square inch. Comparison with figure 7 shows that somewhat higher
values of PZ/Pl and lower values of M, are required where nacelle

drag is considered. These conditions tend to increase F/wa, which is
evident from a comparison of the F/wa values of figures 16 and 7.
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Figure 17(a) shows the values of Wg plotted against Qr for a
range of values of L/(Dw + D). Lines of constant Pp are located on

these plots. Figure 17(b) shows the values of air flow rate and the
values of L/Dtot that correspond to the values of figure 17(a). The

expression for L/Dyot in terms of L/(Dy + Dt) and nacelle drag is
derived in appendix C.

SUBSONIC FLIGHT CONDITIONS

A set of performance figures is also presented for the case of
subsonic design-point flight conditions (flight Mach number, 0.9; alti-
tude, 40,000 ft). For this case, higher values of L/Dtot are obtain-

able which improve airplane performance considerably.

Performence at various values of Pp. - Figure 18, similar to fig-

ure 7, presents the best value of F/W. and corresponding Pz/Pl,
M5, and F/wa for various values of Pp. The fixed conditions besides

flight Mach number and altitude are T, 1460° R and Pp, 5000 pounds
per square inch. For this subsonic case, it is seen that F/We reaches
a maximum value at a P within the range investigated. For the given
conditions, this value of Pg 1is about 1250 pounds per square inch. In
general, the values of F/Wg, F/wg, M, and Pz/Pl are close to those
obtained for the supersonic case. Briefly, as Pp ranged from 625 to
2500 pounds per square inch, values of F/Wé ranged from 1.18 to 1.13
pounds per pound, F/wa varied from 12.7 to 13.5 pounds per pound per
second, M varied from 0.18 to 0.20, and PZ/Pl ranged from 1.25 to
1.38. As previously described for the supersonic case, increasing Py
results in operating at lowered PZ/Pl but also lower values of

exchanger pressure drop and exchanger weight. The resulting effect of
increased Pg on F/We depends on whether benefits of lower exchanger
pressure drop and weight can overbalance the lower Pz/Pl. For the
subsonic case, mainly because of lower ram pressure ratio, the best
combination of these effects occurs at a Pg of about 1250 pounds per

square inch, which is lower than the best Pp for the supersonic case.

The gross weight and heat release rate required for operation at
values of T, equal to 1460° R and Pp equal to 5000 pounds per square

inch are shown in figure 19(a), for values of L/Dtot of 12, 15, and
18. Values of constant Pp are also located on this plot. The higher

values of L/Dtot obtainable at subsonic flight substantially reduce
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the values of Wé and Q, from those at supersonic flight. For the

range of L/Dtot considered, Wg of about 250,000 to 260,000 pounds
and values of @Qp from 80,000 to 170,000 Btu per second are obtained.
The variation in Wg is much less sensitive to variation in L/Dtot
and F/We at these higher values of L/Di,+. This can be seen from a
consideration of equation (4a). The required w, corresponding to the
values of figure 19(a) are shown in figure 19(b). These values are
largely dependent on the value of L/Dtot and for the given set of
conditions range from about 1000 pounds per second at L/Dtot of 18 to
about 1700 pounds per second at an L/Dtot of 12. TFor the subsonic
design-point flight conditions considered, the Wa/Ac is 8.06‘pounds
per second per square foot. The values of required A, are also shown

in figure 19(b). These range from sbout 125 square feet to about 210
square feet. Also included on this figure are the values of Ax/Ac,

which vary from sbout 1.8 to 2.2; this again necessitates an angle of
slant of the exchanger of about 30° with the horizontal.

Performance at various values of TA' - The effect of T, on per-
formance is shown in figure 20. Values of Wg are plotted against Q.
in figure 20(a) at values of L/Dtot of 12, 15, and 18 over a range of
values of Ta from 1360° to 1660° R. The value of Py 1is fixed at
5000 pounds per square inch, Pg. is 1250 pounds per square inch, and
again values of W, equal to 150,000 pounds and WS/Wg equal to 0.35
were assumed. The changes in Wg and Q, due to varying T, from
1360° to 1660° R are rather moderate. The largest variations which
occur at an L/Dtot of 12 is about 3 percent for Wy and about 20 per-
cent for Q. The corresponding values of F/Wé, Wg, Ac, and Ay/A.
are presented in figure 20(b).

Effect of Wg/Wg

Throughout the analysis a value of ws/wg equal to 0.35 was
assumed. From equation (4a) the expression for the ratio of Wg at
any value of Wg/W, to Wy at Wg/W; equal to 0.35 can readily be
derived. The same expression holds for the ratio of Qr at any value
of Wg/Wg to Qp at a value of Wg/Wg of 0.35. In figure 21 the

values. of these ratios of airplane gross weights or reactor heat release
rates are plotted against values of WS/Wg for a range of values of

(L/Dyot)(F/W.). These curves serve mainly to show the magnitude of the
effect of Wg/Wg on Wg and Qr. The effect is more pronounced at
lower values of (L/Dgot)(F/We) as is expected from equation (4a).
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SUMMARY OF RESULTS

Performance values of the supercritical-water-compressor Jet cycle
determined from a preliminary cycle analysis for a range of flight and
engine design-point operating conditions are listed in the following
table. The performance values presented are at values of compressor
pressure ratio and Mach number of air entering the heat exchanger which
result in best thrust per unit engine weight (or minimum gross weight).
Also included in the table is one case where the compressor pressure
ratio and exchanger inlet Mach number were chosen to give a good com-
promise in the values of gross weight, reactor heat release rate, com-
pressor frontal area, and exchanger frontal area. In the table, the
sum of the reactor, shield, and auxiliary weights is teken as 150,000
pounds, structure to gross weight ratio is 0.35, and steam pressure at
the reactor outlet is 5000 pounds per square inch.

Flight|Altitude,| T,, Pg, L/Dyot L We, Q. Voo | Acs |AY/Ac F/wg, FfWe, |Pp/Py | M,

g:gh s °R |1b/sq in. 1b 1b | Btu/sec|1b/sec|sq £t 1b/(1b/sec)| 1b/1b
ol er

1.5 [ 50,000 | 1460] 2500 4 | 342x103] 72.3x103| 646x103| 7410 | 778 | 2.09] 11.55 |1.180} 1.16)0.195

5 |312 52.8 471 5410 | 567 | 2.09] 11.55 |1.180| 1.16] .195

6 |295 41.7 37 4250 | 447 | 2.09| 11.55 |1.180| 1.16| .195

1250 5 |330 64.5 452 6620 | 695 | 1.96 9.97 |1.020| 1.21) .200

625 5 |353 79.5 460 8120 | 852 | 1.94 8.69 .890( 1.23{ .200

1660{ 2500 5 | 300 45.0 448 4450 | 467 | 1.97| 13.48 |1.337| 1.21| .200

1360{ 2500 5 | 324 60.6 514 6460 | 677 | 2.14| 10.0¢ |1.069| 1.13| .195

40,000 | 1460} 2500 5 |287 36.6 431 4950 | 322 | 2.18{ 11.60 |1.565| 1.16| .185

30,000 | 1460 2500 5 {277 30.0 433 5380 | 223 | 2.33] 10.30 |1.845| 1.14( .175

0.9 | 40,000 }1460| 1250 12 {260 19.0 137 1610 | 199 | 1.98| 13.50 |1.130| 1.350.180

15 |254 15.1 107 1250 | 156 | 1.98| 13.50 |1.130| 1.35| .180

18 | 250 12.5 88 1030 | 127 | 1.98| 13.50 |1.130{ 1.35| .180

625 15 |255 15.8 95 1340 | 166 | 1.81| 12.70 |1.105| 1.38] .195

2500 15 |255 15.8 136 1300 | 161 | 2.18] 13.12 |1.085| 1.25| .175

1660| 1250 15 {251 13.1 99 1080 | 134 | 1.84] 15.45 |1.305| 1.43| .185

1360| 1250 15 |as7 17.1 116 1500 | 186 | 2.09] 11.40 |1.005{ 1.27| .180

al.s5 | 50,000 [1460] 1250 5 {336 68.5 460 5440 | 571 | 2.09| 12.37 |o0.978{ 1.27| .180

8Compressor pressure ratio and M, chosen to give good cambination of Vg, Qs Ags Aqe

Only a range of values of operating conditions sufficient to show
the important effects of these operating conditions and to illustrate
some of the performance characteristics of the cycle, are presented in
the table. Some of the cycle characteristics, seen from the table are:

1. The cycle is one having low thrust per unit air flow rate
(ranging from about 8 to 16 1b/(1b/sec)) and consequently requires
large air flow rates and large engine frontal areas.
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2. For the range of flight and operating conditions investigated,
low compressor pressure ratios (ranging from about 1.1 to 1.4) are
required.

3. The cycle is one capable of operating at relatively low steam
temperatures out of the reactor. Reasonably good performance is obtain-
able at as low a temperature as 1360° R.

Other cycle performance characteristics presented by the analysis
are that

2583

4. Lower air flows and consequently lower compressor frontal areas
are obtained at higher compressor pressure ratios and lower Mach numbers
of air entering the exchanger than those required for minimum airplane
gross weight.

5. Lower exchanger frontal areas are obtained at higher compressor
pressure ratios and about the same Mach number of air entering the
exchanger as those required for minimum airplane gross weight.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 19, 1953
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APPENDIX A

ASSUMPTIONS
WEIGHTS OF ENGINE AND AIRPLANE COMPONENTS

An accurate determination of the variation in the weight of most
of the airplane or engine components as a function of the design-point
operating variables requires a detalled design study of each of these
components. To avoid this, simplified relationships for the weights
of the various airplane and engine components were used.

Compressor Weight

A characteristic of the cycle is that relatively low values of
P2/P1 (about 1.1 to 1.4) are required for good cycle performance. In

the analysis it was assumed that these values of PZ/Pl could be

obtained with a single-stage axial-flow compressor and that the weight
of the compressor stage was independent of the value of Pz/Pl but

varies directly with A.. Reference 2 presents an expression for the

weight of a multistage axial-flow compressor having a pressure ratio
of 1.2 per stage. From this expression, the following equation was
obtained for the weight of a single stage

We/we = 84.8 AfT1/P1 (8)

The frontal area of the compressor is determined by assuming that at
static sea-level conditions the alr flow per unit compressor frontal
area is 25 (1b/sec)/sq ft.

Heat-Exchanger Weight

In the analysis a representative heat-exchanger design was assumed
in order to provide a basis for the accurate evaluation of exchanger
weight, size, and pressure drops. A schematic sketch of the heat
exchanger considered is shown in figure 2. High-pressure steam from
the turbine discharge flows through narrow rectangular passages 0.25
inch wide with walls of 0.02-inch steel (this wall thickness is assumed
constant for all values of steam pressure entering the exchanger).
These passages are separated by finning surfaces of 0.0l-inch aluminum
spaced 12 to the inch, the air flowing between these fins. The air-
passage fin width was chosen as 0.75 inch. Calculations were made
which indicated that this value gives close to the best combination of
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exchanger weight and pressure drop of the air flowing through the
exchanger. This exchanger configuration (with rectangular steam pas-
sages) was used in order to facilitate heat-transfer and pressure-drop
calculations (although tubular steam passages are probably more practi-
cal). The expression for exchanger weight using these sizes and making
allowance for headers is

Wy/wg = (0.595 1/d + 3.0) Ay ¢/vg (9)

The value of Ax,f/wa is determined from the air temperature, pressure,
and Mz.

It should be pointed out that the range of operating variables
investigated includes cases where the steam temperatures into the
exchanger are too high for aluminum fins to be used. Where steel fins
are used, the exchanger configuration would be changed markedly (optimum
fin width and spacing would vary), and would also result in heavier
exchangers. For the design-point operating conditions currently being
considered for this cycle (TA 1460° R and Pg about 1250 1b/sq in.

or lower) an exchanger with aluminum fins can be used. In order to
avoid the complication involved in varying the exchanger designs as
conditions varied, the design described was fixed for the range of
conditions investigated, which favors the performance at higher values
of PB’

Gear Weight

The weight of reduction gearing is largely a function of the power
transmitted through the gears and the speed reduction ratio. For the
cycle considered, both of these depend on the size and number of engines
selected. In the analysis the effect of size and number of engines and
their configuration in the airplane was not studied; instead, a value
of gear weight of 0.10 lb/hp was assumed. This value is representative
of what is being currently obtained for gearing rated at about 10,000 hp
and about 10 to 11 speed reduction ratios.

Turbine and Condensate Pump Weights
The turbine and the condensate pump will be relatively small in
size. Thelr weights were assumed to vary with the number of stages and

amount of steam handled; the relstionship used for the combined weights
is

Wiip/Ws = 8.0 log, P /Pp (10)

2593



£6S2

NACA RM E53D29 29

The value of the constant is based on estimates of size, power trans-
mitted, and some values of weights given in reference 5.

Reactor, Shield, and Auxiliary Weighte

In the analysis a group of weights Wy 1is considered to be nearly
independent of the size of the airplane and design-point operating con-
ditions. In this group are included the weights of the reactor and
shield assembly, the pay load, the piping, the water used as cycle fluid,
the controls, and the accessory equipment. A constant value of Wy

equal to 150,000 pounds has been assumed in order to evaluate Wg, Qpy Wy,
Ac

about 2.5 feet, this size assumed to remain constant as power varies (suf-
ficiently high heat flux rates and heat-transfer surface to handle the
range in reactor heat release without excessive temperatures are assumed
obtainable within this volume). The performance values vary diréctly with
Wy so that they can very easily be determined at any other values of W,.

, and A,. This value of Wy 1is based on a reactor core diameter of

Airplane Structural Weight

The ratio WS/Wg was assumed constant as the size and weight of
the airplane varies. A value of WS/Wg equal to 0.35 was chosen.

PERFORMANCE OF ENGINE AND ATRPLANE COMPONENTS
Engine Component Efficiencies

The efficiencies listed are representative of the values obtained
in current practice. For the components which require considerable
development (such as the steam turbine and condensate pump) these
efficiencies are optimistic values.

Compressor efficiency, Mg « « « « « « o o « + ¢« = » +« o o » s+ « » » 0.88
Steam turbine efficiency, ¢ . . « « « . ¢« . ¢ ¢ ¢ ¢ . ¢ . . . . . 0.8
Condensate pump efficiency, Mp = = f ¢ o o v vt 0.80
Exhaust nozzle velocity coefficient, Cy . . . . . . .« . ¢« . . . . . 0.98
Inlet diffuser total pressure ratio, Py/Pq

at 0.9 flight Mach number . . . . . . . . . . . ¢« ¢« ¢ « . . . 0.975
at 1.5 flight Mach number . . . . . . . . . ¢« ¢« ¢« ¢« « « « « « . « 0.95

Gear losses were neglected.



30 NACA RM E53D29

Heat-Exchanger Performance

Both heat-transfer and pressure-drop calculations are based on the
assumption that the alr passages between fins are smooth tubes.

The resistance of the steam film is neglected; this assumption is
more accurate for condensing steam. The resistance of the direct heat-
ing surface (which is the surface in contact with the steam) is also
neglected. However, the resistance of the fins is accounted for by
evaluating a fin effectiveness which in turn is used to evaluate a con-
stant effective wall temperature around any cross section in the air
flow passage.

Exchanger calculations are based on the assumption of counterflow
during the heat transfer from superheated steam to air. The pressure
drops evaluated are increased arbitrarily by 15 percent to account for
pressure losses involved in bending of the air flow when entering and
leaving the exchanger. Bending of the air stream is required because,
in general, the frontal area of the exchangers is larger than that of
the compressor and the exchanger must be inclined to fit behind the
compressor (see fig. 1).

Aerodynamic Performance

At supersonic flight speeds, L/Dy and L/Dyot will vary with air-
plane size (particularly if the airplane and engine configuration depends
on airplane size). In the analysis, the more simplifying assumption was
used that L/Dtot remains constant as the airplane size (which is a
function of engine design point operating conditions) varies. This
assumption was made for all flight conditions investigated. However,
several values of L/Dtot were chosen at each set of design flight
conditions.
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APPENDIX B

SAMPLE CALCULATION

31

To illustrate the method of calculation, the performance of the
cycle operating at the following given design-point flight and engine
operating conditions is determined:

Flight Mach number .
Altitude, ft .
Ty, °R .

Py, 1b/sq in.
Pg, 1b/sq in.
Pp, 1b/sq in.
Pa/Py

Diffuser pressure ratio

Assume values of

LfDigt = » o+ o o o o
We/Wg
We, 10 0 0 0 o a . L

Va I\[ Ty/519 1b/sec

A, P /2116’ “sq Tt

From P,, T4, Pp, and 17y using the steam tables (ref. 6),

EVALUATION OF F/wg

Steam Cycle Calculations

AMHt[ws = 122.6 Btu/lb

T

1089° R

. 1.5
50,000
1460

5000
1250
5050
. 1.214
. 0.20
. 0.88
0.85
0.80
0.98
0.95

« « « 5
L 0.35

. 150,000

25.0
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Tsat corresponding to P = 10320 R
Tc = Tgat - 20 = 1012° R
From TR, Tsat, and T¢ wusing the steam tables:

Heat release during condensation = 628.5 Btu/lb
Heat release from superheat to saturated condition = 65.9 Btu/lb

Total Q,/wg = 694.4 Btu/lb

The pump compresses the condensate to a pressure Pp of 5050
pounds per square inch. From the values of Tg, P¢ (assumed the
same as Pg), Pp, and Tp, using figure III of the steam tables

AHp/ws = 19.1 Btu/lb

From enthalpy values at pump outlet and reactor outlet,

Qp/vg = 797.9 Btu/1b

The net work out of steam cycle = AHt/wg - AHp/ws = 103.5 Btu/lb.

Air Cycle Calculations
From flight conditions and diffuser pressure recovery

Vo = 1457 ft/sec
T, = 570° R
Py/pg = 3.487
Py = 845 1b/sq Tt
From Pp/Py, T;, and 17, using the air tables (ref. 7)
OHc/wa = 8.86 Btu/1b
T, = 607° R

P, = 1026 1b/sq ft
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(5 - (5 -%2)

Wa _ 122.6 - 19.1
W 8.86

neglecting gear losses

= 11.68

From exchanger heat balance
Qx _¥s % _694.4 ., Btu/sec
Wg Wg Wg 11.68 1b/sec

then using Qu/wy, and To, from the air tables
= 852° R

This is an attainable operating condition because Tz 1is less
than TB .

The determination of Pz requires evaluating the heat-exchanger
performance.

Heat-Exchanger Calculations

The exchanger is considered as made up of two exchangers in series.
In the first, air enters at a Mach number of 0.20 and is heated by the
condensing steam; in the second, the air is further heated by super-
heated steam (counterflow assumed)

The mass flow of air per unit flow area through the exchanger can
be expressed as

Vg (M) P
Ax,f ='\/TT{—§ 2 r+l ,\IE'
o5 0™

where:
T ratio of specific heats of air = 1.4
g acceleration due to gravity = 32.2 ft/sec2

R gas constant for air = 53.3 Btu/lb OF
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SO

va _ [1.4x32.2 0.20 1026 _ . ,o 1b/sec
A 53.3 sq Tt
6 [1 + (0.2)2 (1 4 - 1):] Af607

Condensing exchanger calculations: evaluation of 1/d. - The tem-
perature of the air after being heated by condensing steam can be deter-
mined from T,, the heat transferred from the condensing steam per pound

of air (628.5/11.68 = 53.81), and the air tables (ref. 7)

T,' = 829° R

The average bulk temperature of the air in the exchanger is

1 1
Tp =3 (T2' + T2) =3 (829 + 607) = 718° R

The wall temperature = Tgg¢ = 1032° R

The following properties of air at wall temperature are evaluated
from table III in the air tables (ref. 7)

Viscosity, p, 1b/ft-5€C = + « « & « 4 v v e 4 e e e . . v oe.. . 196X1077
Conductivity, k, Btu/sec- PE-OF o o v e e e e e . Tax107T
Specific heat, cp,Btu/lbOF Y o]0
Prandtl number, Pr . . . . « ¢« & ¢ v « v ¢ o o o s s o o o o+« o 0.66

Using these values in the equation

v, \0-8
k| Ax,f a Tp\©+ 8
- k| 2x,f -b 0.4
h = 0.023 3 S (Tw) (Pr)
h = 0.00774 Btu

sec-ft2 OF

In the exchanger fins there is less heat transferred per unit fin
surface than through a unit of direct heating surface. The fin effec-
tiveness is the ratio of these rates of heat flow and can be expressed
as the ratio of the effective temperature difference between the fin
surface and fluid to the available temperature difference between the
direct heating surface and the fluid.
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A factor is defined:

g - (fin width) 4/2 X (heat transfer coefficient between fin and air)
- 2 (conductivity of fin){thickness of fin)

then the fin effectivemess n, is —2of g

In the exchanger considered, aluminum fins 0.0l inch thick, 0.75
inch wide, having an average value of conductivity of 125 Btu/hr-ft—OF,
were selected.

From these values and the value of h previously determined, the
value 7¢ = 0.85 1is obtained.

The rectangular air flow passage in the exchanger has fins on two
sides and direct heating surfaces on the other two sides. The fins are
0.75 inch wide, while the direct heating surfaces are 0.0733 inch long
between fins. The effective wall temperature of the passage is con-
sidered constant around the whole perimeter of the passage and is
evaluated from the expression

(Tw,eff - Tp)(0.0733 + 0.75) = (Ty - Tp) 0.0733 + (Tw - Tp) 0.75 nf

so0 that

0.0733 + 0.75 qp
Ty,err - To = (Ty - To) \ 5 om5 7075

In the condensing exchanger the wall temperature is considered to
be equal to Tg,+ at all points (neglecting the effect of subcooling).

At the exchanger inlet where the bulk air temperature is Ts, the effec-

0.0733 + 0.85 X 0.75 _ o
0.0733 + 0.75 = 5677 F.

Similarly, at the outlet where the bulk air temperature is To', the

0.0733 + 0.85 X 0.75
0.0733 + 0.75

367 - 175 oo
2L 2D - 2590 F.
loge 775

tive temperature difference = (1032 - 607)

effective temperature difference = (1032 - 829)

= 1759 F. The log mean temperature difference =

From this value and the average value of heat-transfer coefficient,

g &) . 48x(628.5)
L | (;X,%>(wa 11.68

d ~ 4{1log mean temperature difference)h 4 X 259 X 0.00774

50.4
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Condensing exchanger calculations: evaluation of pressure drop. -
An equivalent constant wall temperature Ty equ 18 determined so that

the log mean temperature difference obtained from Ty equ - T2 and

Tw,equ - Tp' 1is the same as that previously determined. Thus,

(Tw,egu - TZ) - (Tw,qu - Tp')

log Tw,equ T2
€ Tw equ "~ TZ'

from which

Ty, equ = 993° R
Then
T2 607
= = 0.611
Ty equ 993
Tp! 829
= = 0.835
Ty, equ 993

From the constant wall pressure drop chart presented in reference 2, the
pressure ratio across the exchanger is equal to 0.937. This results in
a pressure out of the exchanger equal to 961 lb/sq ft. In the expres-

sion for wa/Ax,f using this value of total pressure and values of Ts'

equal to 829° R and Wa/Ax,r of 7.48 1b/(1b/sec), a value of Mach num-
ber at exchanger outlet egual to 0.255 is determined.

Superheat exchanger calculations: evaluation of Z/d. - For the
given cycle operating conditions selected, the amount of heat released
by the superheat portion of the steam is slight.

From T2' and T3z the average bulk temperature
Ty, = = (829 + 852) = 840° R
2
From Tggt and TR the average wall temperature

T, = 3 (1052 + 1089) = 1060° R

= log mean temperature difference = 259° F
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The air properties evaluated at the average wall temperature are
essentially the same as previous values. The mass flow of air per unit
flow area remains constant so that

743107 . . 0.8 0.8
- 0.025 = ﬁns (7 48X0 01113) (_g@) (0,66)0-4
. 196x10-7 1060,

=3
|

Btu

0.00859
sec-ft2 OF

]

The fin effectiveness at this value of h becomes 0.84. The tempera-
_ (0.0733 + 0.75 x 0.84)  ___ o
ture difference at inlet = (1032 - 829) 5 075 075 = 173° F.
0.0733 + 0.75 x 0.84)
0.0733 + 0.75 /

The temperature difference at outlet = (1089 - 852) (

= 2020 F. The log mean temperature difference = go_z_-__% - 187.
loge 773
7.48% (——ii'ge)
1/a = 2 = 6.6

4 X 187 X 0.00859

Superheat exchanger calculations: evaluation of pressure drop. -
When used with Tp' = 8290 R and T3' = 8520 R, the following value of
equivalent constant wall temperature results in a log mean temperature
difference of 187° R:

- (0]
Ty equ = 102%° R
Tp! 829
= = 0.806
Ty oqu 1029
T
S _ 852 _ ;828

Tw,equ 1029

The inlet Mach number of air to this exchanger is“the same as the
outlet Mach number of the first exchanger and is equal to 0.255.

Again by use of the pressure drop chart, a value of pressure ratio
across the second exchanger of 0.989 is determined from these values.

Over-all exchanger performance. - The over-all Z/d of the
exchanger = 50.2 + 6.6 = 56.8.
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The over-all pressure ratio is 0.989 X 0.937 = 0.927. An additional
15 percent of the pressure drop is added for losses in bending the air
flow into and out of the exchanger.

The entire pressure drop AP/P, = 1.15 x (1 - 0.927) = 0.084.
Therefore, P3/P2 =1 - 0.084 = 0.916. The pressure ratio across the
exhaust nozzle

= (3.487)(1.214)(0.916) = 3.877

From the values of PS/POJ Tz, and Cy, and from the air tables,

Vy = 1778 ft/sec

F/w, = EZZ%'_%_‘*?Z = 9.97 1b/(1b/sec)

EVALUATION OF F/Wg

From equation (8)

Yo a4 8/\/T1 _84.8N570 _, . 1b
Wy TP 845 o (1v/sec)
From equation (9)
W
x 1 ) Ax,f 0.595 x 56.8 + 3.0 _ 1b
Va (0.595 3 + 3.0 Ve - =48 = 4.92 T/ sec
From equation {10)
W. W W W P
tip _ "t+p "s s A 8.0 _ 1b
Wy | Wy Wy W 010 18 By = IT.eg 1% ¢ = 09 Trpreecy

Assuming the horsepower transmitted through the gears is equal to tur-
bine horsepower output, then

Wy hpy AHy Vg 778 122.6 778 1b
= 0.10 —2 = 0.10 —& £ L8 _ 4, 12z2.6 718 _ .
Vg Va O %5 W 550 =~ 010 X378 X550 = 1+%8 (3% /sec)
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e 1b
w—a = 1.48 + 0.95 + 4.92 + 2.40 = 9.75 -(W

9.97 1b
FfWe = g5z = 1.023 by
EVALUATION OF OTHER PERFORMANCE PARAMETERS
Gross Weight
The gross weight of the airplane is determined from equation (la)

Wy = 150,000 : = 330 x 103 1b

1-0.35 - 5577053

Air Flow Rate

The air flow can be expressed as

D
W
. F g Lot
a= F/vg F/wg
by equation (la), wg can be written as
Wi 150,000 1b
Yo T TLTF Ws\ We 5 x9.97 (L- 5.35) = 9.75 = 6620 5og
Dyot Vg Wg Wg
Steam Flow Rate
Vs 6620 1b
Vs = Va oo = 1768 - %7 Sec

Reactor Heat Release Rate

Q = wg 3 - 797.9 X 567 = 452 X 103 =
S
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Engine Component Weights

Compressor welght:

2.40 x 6620 = 15,900 1b

=

)

]
T
g |&
—

5

1]

= 4.92 X 6620 = 32,500 1b

F
I
#I ¥
L
&

I

Turbine and condensate pump weight:
Wt.}.p
Wtip =\ Va = 0.95 X 6620 = 6300 1b
Va

Gear box weight:

W = EE Wy = 1.48 X 6620 = 9800 1b

Va
Total engine weight:

We = 15,900 + 32,500 + 6,300 + 9,800 = 64,500 1b

Compressor Frontal Area

Va

Ac = W;;Ac
519 519
Vo '\/51 NT 259NEG g, sec
A, - \Ae P1/2116/ Z1i6/P1 ~ 2116 sq T
T845
6620
Ac—§.5—27=695 sqft

25Q7%
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Exchanger Area

Ax,tr

hpy

W,
Ax,f % wg 6620
T

f = 7.48 X 0.65

Turbine Power Output

hpy, 778
E Wg = 122.6 Xﬁ X 567

= 1360 sq ft

= 98,300 hp

41
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APPENDIX C

EVALUATION OF NACELLE DRAG

4 |

0.75 dg de

, ;

Evaluation of Dp/wg

From data given in an NACA Conference on Aircraft Propulsion Sys-
tems Research (Jan. 18-19, 1950), for the assumed configuration and
flight Mach number 1.5, and altitude 50,000 feet,

Wave drag coefficient for diffuser . . . . . . . . . . . . . . . 0.0106
Friction drag coefficient . . . . .+« o 0.0025
Wave drag . . . . . . coefflclentxmax1mum frontal areaxdynamic pressure
Friction drag . . . . « . coefficientxsurface areaxXdynamic pressure
Surface area of dlffuser section . . . . . . . . . o .. . . . 10.0 A,
Surface area of straight section . . . . « . « « « « ¢« « « « « . 12 Ag
Dynamic velocity head, 1b/sq £t . « « « « & v « « ¢ o & « « « « . . 382
Drag on diffuser section _ o105 382 +0.0025X 10.5 X382 = 14.1 —ro
Ac sq ft
Drag on straight section _ _ 1b
Ay = 0.0025 X 12 X 382 = 11.5 sq £t
Total nacelle drag _ Dn _ 25 .6 1b

Ac T Ac 777 sq fY

"8 for flight conditions = 9.53 “P/SSS

A. sq It

b, D
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This configuration was assumed to have a constant exhaust-nozzle
area, wheregs the nozzle area would actually vary with changes in
cperating conditions. The difference introduced in evalusting nacelle
drag due to this assumption is very slight.

Expression for L/Diot in Terms of L/(Dy +Dy)
and Nacelle Drag

Neglecting fuselage drag,

Doy _Dw * Dy  Dn
L ~ 1L L
also,
Dn wg
Dp = == % Dtot (because Diot = F)
a
so that,
Dtot _Dw * Dt Diot Dn ¥a
L L L wy F
and

L L (l_Dn/Wa)
Dtot Dw + Dt F/wa

43
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Steam flow |

: / | /

§ / 4 / 4
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/ / | / M
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/ Il | / /
.2 ¥ .15" —-I :l

/ / \
Air flow 0.02" thick 0.01" thick W

steel aluminum fins

Figure 2. - Heat-exchanger conflguration assumed for evaluation of
exchanger weight, size, and pressure drop.
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sat
Tc Tp Steam
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T, | Tz Alr
Condensing exchanger er. Superheat exchanger

Temperature

Heat transferred
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Flgure 3. - Equivalent exchanger arrangement assumed for eval-
uating exchanger length-diameter ratio 1/d and pressure
drop when entering steam 1s superheated.
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Figure 4. - Performance values of cycle at various values of Pz/Pl and Ms.
Flight Mach.number, 1.5; altitude, 50,000 feet; T,, 1460° R; P,, 5000 pounds
per square inch; Pp, 1250 pounds per square inch. ‘
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Air flow rate, w,, lb/sec Exchanger frontal area, Ay, s8q ft

Heat release rate, Q., Btu/sec
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1.08 1l.12 1.16 1.20 1.24 1.28 1.32 1.36
Compressor pressure ratio, Pz/Pl

(b) Qu, Wq, 8nd Ag. ws/wg, 0.35; Wy, 150x10° pounds; L/Dy.y, 5.

Figure 4. - Concluded. Performance values of cycle at various values of Pz/Pl and
M. Flight Mach number, 1.5; altitude, 50,000 feet; T,, 1460° R; Pp, S000 pounds
per square inch; Pp, 1250 pounda per square inch.
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Figure 5. - Effect of PZ/Pl on engine components and over-all

cycle performance.

Flight Mach number, 1.5; altitude, 50,000 feet;

Tps 1460° R; Py, 5000 pounds per square inch; Py, 1250 pounds per
square inch; Mp, 0.20.
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Figure 5. - Contlinued. Effect of P2/P1 on engine components

and over-all cycle performance. Flight Mach number, 1.5;
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Figure 5. - Concluded. Effect of compressor pressure ratio on engine components and
over-all cycle performance. Flight Mach number, 1.5; altitude, 50,000 feet; T,,

1460° R; Py, 5000 pounds per square inch; Py, 1250 pounds per square inch; Mp, 0.20.
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(b) Values of w,, A, and A./A,.

Flgure 9. - Concluded. Performance at optimum PZ/Pl and M, for varlous
values of L/Dtot and Pp. Flight Mach number, 1.5; altitude, 50,000 feet;
Ty, 1460° R; Pp, 5000 pounds per square inch; WB/Wg, 0.35; Wy, 150%10° pounds.
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Figure 11. ~ Optimum values of Pz/Pl and M, and corresponding values
of F/W, and F/w, at various values of T,. Flight Mach number, 1.5;
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(b) Values of w,, A,, and Ay/A..

Flgure 13. - Concluded. Performance at optimum PZ/Pl and
M for various values of L/Dtot and T,. Flight Mach
number, 1.5; altitude, 50,000 feet; Py, 5000 pounds per
square inch; Py, 2500 pounds per square inch; WB/WS, 0.35;
W, 150x10° pounds.
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Figure 17. - Concluded.

(b) Values of w, and L/Dtot'

Performance at conditions for optimum (F-Dn)/we

for various values of L/(DQ,+Dy) and Pg. Flight Mach number, 1.5;
altitude, 50,000 feet; T, 1460° R; P,, 5000 pounds per square inch;
Dn/wa, 2.69 pounds per pound per second; Ws/Wg, 0.35; Wy, 150X10° pounds.
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Figure 19. - Concluded. Performance at conditions for optimum F/We for
various values of L/Dtot and Pp. Flight Mach number, 0.9; altitude,
40,000 feet; Ty, 1460° R; Py, 5000 pounds per square inch; Ws/Wg, 0.35;
Wi 150x10° pounds.
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